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A B S T R A C T
Region: Ethiopia’s Rift Valley.
Focus: matching agricultural water demand and supply is a growing policy challenge in drylands.
We investigated the water balance components in Raya (3507 km2) and Ashenge (80.5 km2)
grabens. The rainfall depth, river discharge, abstraction, climate and soil data (2015–2017) were
used to address the research question.
New hydrological insights: the average annual rainfall of the graben’s escarpment and its
bottom was 806 ± 162 and 508 ± 110mm, respectively. Heavy rains produce ﬂoods up to 732
m³ s−1 in the rivers that ﬂow into the Raya graben. Moreover, greater runoﬀ and river discharges
volumes were recorded at the graben escarpments than at the graben bottom outlets (p < 0.001)
due to the greater contributing area (p < 0.001, R2= 0.98) and headwater elevation
(p < 0.001, R2= 0.98). About 24% of the water entering both graben bottoms comes from the
runoﬀ from the adjacent slopes, and about 40% of the runoﬀ reaching the Raya graben bottom
ﬂowed out at the outlet. About 76% and 77.5% of the annual rainfall was lost through evapo-
transpiration from the Raya and Ashenge grabens, respectively. So about 16% and 33% of the
average annual inﬂows inﬁltrated into the sediments in the Raya and Ashenge grabens, respec-
tively. These insights provided by this study into the water balance in grabens along the Rift
Valley can be used to help achieve sustainable agricultural development.
1. Introduction
A marginal graben is a narrow faulted valley running along the margin of a tectonic trough (Williams, 2016). In northern
Ethiopia, marginal grabens are transitional zones between the highlands and the Danakil depression. The runoﬀ from highland
plateau and escarpment feeds the graben bottoms. As they trap sediments from the highlands, graben bottoms have thick deposited
sediments and productive farmlands (Hagos et al., 2016).
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In a human-modiﬁed world, marginal grabens tend to have high economic and ecological values (Anda et al., 1998). Nyssen et al.
(2017) reported that the in Ethiopia graben bottoms are fertile because of the yearly deposition of a thin layer of alluvium originating
from the river headwaters. Owing to their fertile soils, the marginal grabens have been targeted as a development corridor to meet the
future growing food demand. Nowadays, commercial land deals and urbanization increased in the Raya graben of northern Ethiopia.
Elsewhere, agricultural investments were made to enhance the economic growth (Danvi et al., 2017; Dawidek and Ferencz, 2014).
Sustaining water resources in the drylands, water scarce areas, remains a challenge for the marginal graben communities. Together
with the rainfall variability, however, anthropogenic eﬀects pose a threat to the graben resources in semi-arid areas (Bense et al.,
2003). The water demand for agriculture is associated with the exploitation of land and water resources. Thus, obtaining a sus-
tainable water resource use under an intensifying agriculture is a critical threat for meeting the food production (FAO, 2011;
Roobavannan et al., 2017). Balancing water for societies and environments gained momentum mainly in drylands. In the arid and
semi-arid areas, water balance studies attempted to answer a vexing question “how can we optimize the available green and blue
waters to enhance sustainable exploitation for agriculture?” (McDonnell, 2003). A water balance is a numerical calculation based on
the principle that the outﬂow from a given catchment must equal the inﬂows combined with the change in storage (Carmona et al.,
2014; WMO, 2012).
The water balance is used to make quantitative estimates of the water input and output ﬂuxes. Importantly, hydrological models
have been developed to compute the water balance (or water budget) elements of a given catchment (Sivapalan and Blöschl, 2017),
and thereby assist in managing agricultural water use (McDonnell, 2017). Therefore, understanding the water budget input and
output in agricultural areas is a pre-requisite to guide a sustainable water use (Beven, 2006, 2016).
There are many water balance studies for non-graben areas worldwide (e.g., Danvi et al., 2017; Oliveira et al., 2015). However,
marginal graben water balance studies are sparse. Thierion et al. (2012) showed that the outﬂow exceeded the inﬂow in the Rhine
Graben rift system. In the Chapala graben in Mexico, Anda et al. (1998) also reported that the water imbalance put the economic
viability of the area at risk. Moreover, the extremely large groundwater extractions in the Roer graben aﬀected the hydraulic head,
resulting in a decline of the water table (Bense et al., 2003). In Ethiopia, advances in the water resources research have also been
limited to a few basins like the Blue Nile and Omo-Ghibe (Abera et al., 2017; Dile et al., 2018; Jillo et al., 2017)). However, few
studies have reported about the groundwater potential and the peak ﬂow discharges in the Raya graben (Asfaha et al., 2016; Ayenew
et al., 2013; Demissie et al., 2015). These studies did not integrate the water budget terms. In a limestone graben, Meaza et al. (2018)
noticed that the runoﬀ components were very variable due to the rainfall variability. Overall, an integrated view of the water balance
components has so far been overlooked in marginal grabens worldwide.
Our study implies a unique investigation compared to the previous studies since it used the dense set of rain and river gauge
stations. Therefore, the improvement of the rain and river gauge networks answered the research question that motivated this study
“How water balance components in the graben bottoms and escarpments responded to rainfall variability and headwater catchment
characteristics in the study marginal grabens?” The hypothesis of this study is that the water balance components varied not only
between graben bottoms and their escarpments but also between the studied grabens as a response to the rainfall variablity. The
escarpment is a steep slope formed by vertical movement of the earth’s crust along a fault, whereas the graben bottom a strip of the
earth’s crust dropped between parallel faults. The hydrological characteristics varied with these spatial units. With these in mind, the
objectives of this study were: (1) to investigate the spatial behaviour of the rainfall, ﬂood, baseﬂow and abstraction in the grabens, (2)
to quantify the water budget components of the grabens and (3) to analyze the water storage variations in the study area. This study
adds to the limited literature regarding the grabens by integrating the vertical and horizontal water budget elements. With such a
water budget analysis in a data-scarce area, this study has a societal relevance as it enhance the water availability information for the
farmers in the fragile grabens.
2. Methods and materials
2.1. Study area
The study area (Fig. 1) is located in northern Ethiopia, in the western escarpment of northern Ethiopia (11°55′ - 12°55′ N; 39°23′ -
39°40′ E). The North-South oriented great escarpments in the west and a steep fault scarp in the east constitute the major physio-
graphic units of the grabens. The western graben shoulder is more elevated than the eastern one in the study area. The western graben
shoulder is more elevated than the eastern one in the study area; overall the physical characteristics of the grabens are quite
contrasted (Table 1)
The agro-climatic conditions in the study area range from hot semi-arid lowland and hot sub-moist lowland to cold and moist
highlands. The long average annual rainfall amounts to 775 ± 201mm (Meaza et al., 2017). A bimodal rainfall pattern characterizes
the study area: kiremt (summer) is the main rainy season (July to September), and belg is the short spring rainy season (February to
April) (Annys et al., 2017). Furthermore, the highland has a lower and average annual temperature (16 °C) than the graben bottom
outlet (23 °C) (Meaza et al., 2017). On the graben escarpments, extensive basalt is dominant, whereas on the valley bottom the area is
covered by alluvial deposits (Nadew, 2003). Leptosols (˜94%) and Vertisols (˜87%) are dominant soil types of the escarpments and
bottoms, respectively (CASCAPE, 2017; Fig. S1C). Furthermore, some rivers (sourced from the escarpments) are perennial but they
inﬁltrate into the thick sediment deposits when reaching the graben bottom (Fig. 1; Meaza et al., 2019). The escarpment is composed
of steep slopes (> 6°) while the graben bottom is a plain composed of thick deposits (Fig. 2; Table 1). The thickness of these alluvial
deposit of the graben bottoms ranges from 18 to 311m (Nadew, 2003).
The prominent land cover types on the escarpments are bushland and farmlands (Table 1; Meaza et al., 2019). Moreover,
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agricultural land (60%) and shrubland (25%) are the main land covers in the graben bottoms (Gidey et al., 2017). Also, the dominant
farming systems include the livestock-cereal system and the irrigated fruit-vegetable’s production (ﬁeld observations).
2.2. Methods
2.2.1. Data collection and processing
Topographic, land cover, rainfall, river ﬂow, water withdrawal and evapotranspiration variables were applied to address the
study objective. The data collection and data set processing procedures are sequentially explained below.
Fig. 1. Study area locations. The study catchments are Raya graben (indicated by letter A on the map) and Ashenge graben (indicated by letter B on
the map). The rain gauges indicated in the map are established by the authors.
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The topographic variables such as the catchment area, length of the ﬂow path, elevation and slope were calculated from a DEM
(30m x 30m) extracted from the Shuttle Radar Topographic Mission (SRTM) in combination with the high-resolution Google earth
pro, topographic maps (1998; 1:50000) and aerial photographs (1964/1994;1:50000). The Landsat images at a resolution of
30m x 30m (20-12-2014) of the grabens were obtained from the United States Geological Survey (USGS). We have used two adjacent
Landsat images (TM, ETM+and OLI images) to cover the entire western escarpment. These images were taken in the dry period
(December and January) to make it cloud free. After correction of the images (based on 500 GCPs), a supervised classiﬁcation was
utilized to map the escarpment catchments’ land cover. To do so, an intensive ﬁeld campaign (July/August 2014) was carried out on
the western escarpment to collect the ground control points (GCPs). The overall coeﬃcient of the land cover yielded values of 88%.
Subsequently, the land cover map was produced in Idrisi 17.0. As a result, the major land cover types considered in this study are
bareland, bushland, farmland, forest and grassland. Further detail and deﬁnition on the land cover classiﬁcation and analysis pro-
cesses for the study area could be found from Annys et al. (2017).
In the study area there are 5 rainfall stations available in the public domain. To have more precision, particularly taking into
account the contrasting topography, we established 15 rain gauges at the escarpment and horsts and 10 in the graben bottoms area to
record the rainfall from 2015 to 2017 (Fig. S1a). The rain gauge locations were optimally selected to represent the diﬀerent regions
and altitude (WMO, 2010). The divisions of rainfall events in 2015–2017 were based on the rainfall events received from January 1 to
December 31. Literally, we divide the rainfall events following a single rainfall depth received in 24 h. The measured rainfall event
data were aggregated to a monthly and seasonal basis. Isohyet and topographic maps were also used to understand the rainfall
patterns in the catchments. The rain gauge networks were assigned to the nearest river stations and (Table 4; Table S1d).
In the absence of hydrological stations in the Raya graben (3507 km2), we have carried out a N–S transect (110 km) to identify all
rivers (n=26) connecting the escarpment and the graben bottom (Fig. 1A). Parallel to the western escarpments, we used topographic
Table 1
Characteristics of the catchments (n) in the Raya and Ashenge graben escarpments. M refers to a mean and SD is standard deviation.
Parameter Raya marginal graben (n= 26) Ashenge marginal graben(n= 5)
M ± SD Min Max M ± SD Min Max
Area (km2) 65.2 ± 72 4.5 297.0 6 ± 2.2 2.1 8.5
Perimeter (km) 36.6 ± 19 10.1 82 11.1 ± 2.7 6.3 13.64
Lowest elevation (m a.s.l) 1637 ± 137 1372 1933 2467 ± 57 2400 2528
Highest elevation (m a.s.l) 2804 ± 687 1758 4025 3129 ± 322 2656 3445
Elevation (m a.s.l) 2117 ± 307 1585 2646 2759 ± 19.3 2528 2999
Slope gradient (%) 17 ± 7 5.6 34.4 27.1 ± 11.1 11.8 41.82
Flow path (km) 25 ± 14.8 1.4 62.7 4.8 ± 2.5 0.9 7.7
Bareland (%) 1.8 ± 1.2 0.1 5.7 2 ± 0.3 1.7 2.6
Bushland (%) 42 ± 8.6 17.5 57.6 45.9 ± 8.1 34.9 55.2
Farmland (%) 41 ± 14 19.3 79.8 34 ± 12.5 19.3 56.1
Forest (%) 8.6 ± 6.5 0.5 23.8 9.99 ± 5.8 2.4 18.8
Grassland (%) 6 ± 3.7 0.4 13.8 7.5 ± 3.3 4.3 13.8
Other land uses (%) 0.4 ± 0.6 0.1 2.3 0.5 ± 0.7 0.1 2.0
Fig. 2. Conceptual topographic model depicting the water ﬂuxes in the marginal grabens. Geological concepts are adapted from Kebede et al. (2008)
and based on own research.
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maps to locate the graben bottom outlets (n= 2). Graben bottom outlet is the lowest point on the boundary of a drainage system. In
the Ashenge graben (Fig. 1B), the escarpment rivers (n=5) with a total catchment area of 36 km2 contributing to the graben system
(80.5 km2) were identiﬁed. We consulted available studies (Asfaha et al., 2015; Demissie et al., 2015) to characterize the rivers in the
graben escarpment and bottom. We established 10 fully gauged river stations to monitor ﬂash ﬂoods and river baseﬂows in
2015–2017. In this paper, ﬂood is a period of high discharge of a river, resulting from rainfall. Also, the baseﬂow of 16 rivers entering
the graben bottoms was monitored (semi-gauged river stations) (Fig. 1). Here baseﬂow is the discharge which enters a stream channel
mainly from the groundwater. At the gauge stations the stream ﬂow was monitored for the entire hydrological year, whereas semi-
gauged rivers indicate rivers monitored only during the dry season due to inaccessibility in the rainy season, and this soft monitoring
system concerns rivers monitored only for groundwater contributions (Crabit et al., 2011). Eventually, the runoﬀ which was ori-
ginating on the hillslopes (horsts and hills) towards the graben bottom was considered as one ungauged catchment (hereafter referred
as Hill).
At the river stations (n=10), the river baseﬂow and (ﬂash)ﬂood (streamﬂow) was continuously monitored using pressure
transducers, staﬀ gauges, ﬂoat velocity and cross-sectional measurements (Fig. S1a). With this respect, the river stations were
equipped with pressure transducers to capture the height of the water column with 10-min intervals. Each pressure transducer was
covered by a strong mesh, and placed in a sturdy box (0.5 m x 0.5m x 1m) for protecting strong ﬂoods. The Diver box was placed at
the lowest point in the channel to measure all levels of river ﬂows. The diver data were corrected for the atmospheric pressure using
measurements by Baro Diver to obtain the actual water column height above the riverbeds using Logger Data Manager® (Diver Oﬃce
2017).
The cross-section of each river channel was measured using a Leica Viva TS11 Total Station, and AutoCAD 2017 was applied to
compute the cross-sectional at area for each river at diﬀerent ﬂow depths. However, the channel cross-section at two stations (the Etu
and Hara) modiﬁed due to the intense ﬂash ﬂoods and sand mining in the rainy season. Thus, we re-measured the cross-sectional
areas of the stations to oﬀset the changes over time. Furthermore, we used the area-velocity method to convert a wide range of ﬂow
depths of ﬂoods and baseﬂow into runoﬀ discharges. As a result, stage-discharge curves were set up for fully gauged rivers, as shown
in Fig. S1b and Table S1b. As Golina is a very dynamic river with a catchment reaching up to 4025m a.s.l, there was a signiﬁcant
sediment deposition at the gauging station in 2015. Thus, in 2016–2017, a dam with a rectangular broad-crested weir was utilized to
measure the river discharges in Golina River following the methodology used by Hager and Schwalt (1994) Eq. (1).
=Q cWDw n (1)
Where, Qw represents the total runoﬀ discharge; c a constant for the weir structure (1.704 for the broad-crested weir hydraulic
structure (Salmasi et al., 2013)); W stands for the width of the weir (58m); D the water head above the weir’s crest and n is the
structure variant (1.5).
The river discharges of the gauged stations were used to calculate discharges in adjacent rivers and ungauged hillslopes using the
area-ratio method (Barthold et al., 2008). In practice, the drainage-area method can be considered unbiased (Asquith et al., 2006).
When one ungauged river or hillslope is situated between two gauged rivers with similar distance to the ungauged river we selected
the river that had the most similar catchment in terms of land cover, soil, aspect and slope gradient. Using the nearest measured
rainfall and river discharge (Fig. 1; Crabit et al., 2011), the rainfall variability and runoﬀ coeﬃcients were meant as input for
calculating the runoﬀ for ungaged rivers and hillslopes based on Eq. (2). The runoﬀ volumes (m3) of the semi-gauged and ungauged
rivers were computed from the neighboring gauged rivers using the catchment area (A, km2), the nearest average catchment rainfall
depth (R, mm) (Table S1d) and the neighboring catchment runoﬀ coeﬃcient (RC):
=Q Q A
A
R
R
RC
RC
* * *u g u
g
u
g
u
g (2)
Where Qu is the monthly runoﬀ generated from the ungauged rivers, Qg is the runoﬀ generated from the gauged rivers, the subscript u
and g represent the ungauged and gauged rivers, respectively.
Scholars suggest that catchment runoﬀ coeﬃcient could be used while transferring discharge from gauged rivers to ungauged
rivers (Taguas et al., 2017; Gal et al., 2016). Moreover, the annual catchment runoﬀ coeﬃcients (RCg, %) as a main indicator of
catchment signature of rivers (Crabit et al., 2011) were calculated from the total annual runoﬀ (Qy, mm) and the rainfall (R, mm) as:
=RC
Q
R
y
(3)
We have calculated the runoﬀ coeﬃcient of ungauged rivers (RCu), by taking the discharge from the nearest river identiﬁed for
catchment area and the rainfall within the catchment itself.
The water abstractions for domestic and livestock purposes aﬀect the water budget in the grabens. Data regarding on the two
main water consumers, the total number of livestock and inhabitants, were collected from the Oﬂa, Raya Azebo, Raya Alamata and
Raya Kobo Woreda Agricultural Oﬃces in 2017. Water consumptions by the inhabitants were calculated assuming the consumption
of 20 liters per day per household (WHO, 2000). The animal numbers were converted into tropical livestock units (TLUs). The
average water consumption of 25 liters per day per TLU was employed to estimate the annual water abstraction (Leta and Mesele,
2014).
We applied the standard approaches to compute the actual evapotranspiration for the study area. We collected the climatic data
(daily air temperature, wind speed, relative humidity and sunshine hours) from the National Meteorological Service Agency. The
reference evapotranspiration (ETo, mm day−1) was computed using the ETo Calculator software (Raes, 2009) following the
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guidelines as proposed by Allen et al. (1998) in FAO Irrigation and drainage paper 56. As the meteorological stations are limited in
the study area, we extrapolated the ETo to the catchments using “nearest distance” approach. In the Ashenge graben, the open
evaporation of the lake surface (15.4 km2) was set equal to the ETo (evaporative demand from the atmosphere) of the graben bottom.
In a data scarce areas like northern Ethiopia, a simple soil water balance is suﬃcient to estimate the actual evapotranspiration
(Raes et al., 2006). Hence, for the area surrounding the lake in Ashenge and the entire Raya grabens, the daily ETo results were
converted to ETact using the BUDGET model (Raes, 2002 & 2012). This model considers the complex atmosphere–plant-soil inter-
actions by adapting the crop growth, natural vegetation, and management conditions. Using the local soil data, crop parameters and
management conditions, we simulated ETact (2015–2016). A detailed procedure from the ETo and ETact calculation is provided in the
Supplementary materials (Sc) and Meaza et al. (2018). The BUDGET model is well proved for arid and semi-arid environments, near
to the study area (Descheemaeker et al., 2011).
2.2.2. Water budget conceptual model
We developed a 2D conceptual model representing the marginal grabens to understand the water balance components (Fig. 2)
better. This topographic model links the surface-plant-atmosphere water ﬂuxes with the graben escarpments and graben bottoms, and
it is applicable elsewhere. For clarity, we subdivided the graben into escarpments and graben bottoms units. Following this, our
numerical water budget calculation is based on the principle that the outﬂow of a graben unit must equal the inﬂow ± the change in
storage within with the hydrological year is running from January 1 to December 31 (WMO, 2012). A hydrological year is continuous
twelve-month period during which a complete annual climatic cycle occurs in such a way that overall changes in storage are minimal
(WMO, 2010 &2012).
On the escarpments, the rainfall (Resc) is input for the water balance, whereas ﬂows and hillslopes Q( out esc), the actual evapo-
transpiration ET( act esc) and abstractions (Aesc) constitute the outﬂows. What is remained here is the recharge (Iesc). The water balance
is expressed for the monthly, seasonal and annual periods. The annual water balance for the escarpment can be expressed as follows:
= + + +R ET Q A Iesc act esc out esc esc esc (4)
The rainfall on the graben bottom (Rgrab) and the runoﬀ outﬂow from the escarpments (Qout esc = Qin grab) are the input com-
ponents of the graben bottom, while the runoﬀ outﬂow (Qout grab), actual evapotranspiration (ETact grab) and abstractions (Agrab)
constitute the main output of the yearly water balance in the graben bottom:
+ = + + +R Q Q ET A Igrab in grab out grab act grab grab grab (5)
The yearly water storage in the Raya and Ashenge grabens are the residuals of the water budget ﬂuxes of the escarpments I( )esc
and graben bottom (Igrab). The residual term represents the recharge and the errors related to the estimation uncertainties of the water
balance.
Here it is important to note that the storage equation expresses the balance between the inﬂow, outﬂow and the storage change
for any water body during a certain period (WMO, 2012). The change in storage (inﬂow-outﬂow) is expressed in the form of residuals
in the water balance equation. In the graben unit, the remaining water is the aggregate of the groundwater recharge and deep
percolation below the phreatic zone due to the presence of a series of fault lines and more than 300m thick deposits (Fig. 2). We
assume that the groundwater of the grabens is ﬂowing to the very thick sediment deposits (1400m) of the Dallol graben (14.23°,
40.29°) in the western Afar margin (Hagos et al., 2016). Equally, Bense et al. (2003) also noted that deep faults enhance the vertical
groundwater ﬂow through deep seepage. We calculated the rate of inﬁltration or percolation rate (I, mm day−1) in the graben system,
using the annual water excess or change in storage (see Eqs. (4) and (5)) (s, mm) divided by the catchment area (A, m2) and the
number of days in a hydrological year (t, day) (Domenico and Schwartz, 1998):
=
×
I S
A t (6)
2.2.3. Data analysis
The required data set were monitored to address the main research question. We applied descriptive statistics to summarize the
catchment characteristics, rainfall, ﬂoods, baseﬂow, runoﬀ coeﬃcients, ETo, ETact and water abstractions.
Next, a two-sample t-test and the ANOVA models were applied to compare the average values of the rainfall depth, river ﬂows and
ETact depths on various spatial scales. In addition, a Pearson correlation was calculated to understand the association between the
rainfall depths (at diﬀerent rain gauge stations and elevations). Moreover, a multiple regression model was applied to capture the
dominant factors aﬀecting the ﬂood production from the western escarpments. Ultimately, we analyzed the water budget components
of the grabens using the Eq. (4) and (5).
2.2.4. Data quality
Data quality tests on the normality and equality of variance were carried out using the Q-Q plot to detect anomalies. We also
assessed the model performance of the rating curves based on the root mean square error (RMSE) and the coeﬃcient of determination
(R2, α=5%). Notably, the metric staﬀ gauges were attached to the diver access tube in order to measure the stage of the water
manually at a 10-min interval to verify and validate the ﬂow depth captured by the pressure transducers. This helps to compare the
ﬂow depths measured with micro diver (sensor) and staﬀ gauge (manual). In addition, veriﬁcation of the observed ﬂood events in the
2015–2017 were undertaken (Table S2b) using the modiﬁed rational formula (Salmasi et al., 2013) to check the river ﬂow data
H. Meaza, et al. Journal of Hydrology: Regional Studies 24 (2019) 100616
6
quality.
3. Results
3.1. Rainfall distribution in the marginal grabens
Table 2 shows the rainfall depth on event, monthly, seasonal and annual distribution in the graben systems for the period
2015–2017. In the marginal grabens, the timing of the rains was erratic mainly in the dry year. The highest rainfall event depths in
2015– 2017 were 98.7mm (Belago station), 95.5 mm (Kelesa station) and 127.3mm (Meshena station), respectively. The study area
received up to 751mm in the rainy season during which the highest rainfall depths were recorded in August (407.3mm).
The average rainfall depths in JAS (July–September) are higher than the sum of JFM (January– March), AMJ (April– June) and
Table 2
Average rainfall (mm at diﬀerent time scales) in 25 stations of the marginal grabens (2015–2017). Where, JAS (July, August, and September) are
higher than the sum of JFM (January, February and March), AMJ (April, May and June) and OND (October, November and December). M is a mean
and SD is standard deviation.
Temporal scale Spatial scale
Graben escarpments (n= 16) Graben bottoms (n= 9) Entire study area (n= 25)
M ± SD Min Max M ± SD Min Max M ± SD Min Max
Event 13.4 ± 12.8 0.50 127.30 12.6 ± 12.7 0.10 97.30 12.8 ± 12 0.1 127.3
Monthly 67.1 ± 68.9 11.40 387.3 42.3 ± 41.7 6.1 159.6 54.7 ± 57 6.1 256.4
JFM 101.1 ± 58.7 44 232 74.5 ± 29.89 24.93 129.90 91.5 ± 51.2 24.9 232
AMJ 199.6 ± 54.4 101.5 307.3 116.5 ± 34 80.1 186.9 169.7 ± 62.4 80.1 307.3
JAS 483 ± 138.9 253 750.8 264.7 ± 55.9 183.7 345.7 404.8 ± 156 183 750.8
OND 57.2 ± 51.4 0.0 165.9 52.09 ± 25.11 18.27 93 55.4 ± 43.25 0.00 165.9
Annual 806 ± 162 625.9 1421.3 508 ± 110 357.2 679.7 698 ± 204 357 1052
Table 3
Annual ﬂoods (Qf, Mm3 year−1), baseﬂow (Qb, Mm3 year−1) and total river discharges (Qtot, Mm3 year−1) in the Raya graben. Data in bold are
based on the gauge measurements.
No* River catchment Area (km2) 2015 2016 2017
Qf Qb Qtot Qf Qb Qtot Qf Qb Qtot
1 Habre 14.0 1.0 0.0 1.0 1.6 0.0 1.6 1.1 0.0 1.1
2 Burqa 53.2 3.9 0.0 3.9 6.1 0.0 6.1 4.2 0.0 4.2
3 Abahagos 19.0 1.4 0.0 1.4 2.2 0.0 2.2 1.5 0.0 1.5
4 Guguf 27.6 2.0 0.0 2.0 3.2 0.0 3.2 2.2 0.0 2.2
5 Fokisa 72.9 5.4 1.7 7.1 8.4 2.3 10.7 5.8 1.9 7.7
6 Dwealga 58.0 4.3 0.0 4.3 6.7 0.0 6.7 4.6 0.0 4.6
7 Lalatera 20.4 1.5 1.8 3.3 2.4 2.6 4.9 1.6 1.9 3.5
8 Haya 81.8 6.0 4.4 10.4 9.4 7.2 16.7 6.5 6.0 12.5
9 Boyru 25.8 1.9 1.2 3.1 3.0 2.0 5.0 2.1 1.7 3.8
10 Ulaula 67.9 5.0 0.0 5.0 7.9 0.0 7.9 5.4 0.0 5.4
11 Dayu 68.6 5.1 2.2 7.3 7.9 2.8 10.7 5.5 2.1 7.6
12 Hara 39.9 2.9 3.7 6.6 4.6 4.5 9.1 3.2 3.6 6.8
13 Etu 36.8 3.6 3.6 7.1 4.6 7.5 12.1 3.8 6.7 10.4
14 Odda 67.5 6.5 0.0 6.5 8.4 0.0 8.4 6.9 0.0 6.9
15 Harosha 137.9 13.3 0.0 13.3 17.2 0.0 17.2 14.2 0.0 14.2
16 Gobu 278.1 26.9 5.6 32.5 34.7 6.5 41.2 28.6 5.7 34.3
17 Legaharo 7.1 0.2 0.0 0.2 0.3 0.0 0.3 0.3 0.0 0.3
18 Warsu 11.9 0.3 0.0 0.3 0.6 0.0 0.6 0.5 0.0 0.5
19 Diqala 70.5 2.0 2.4 4.4 3.4 3.4 6.8 2.8 3.0 5.8
20 Hormat 133.4 10.7 0.0 10.7 17.9 0.0 17.9 13.7 0.0 13.7
21 Golina 297.0 23.7 16.9 40.6 39.8 23.0 62.7 30.4 21.5 51.9
22 Gundashewa 4.5 0.4 0.0 0.4 0.6 0.0 0.6 0.5 0.0 0.5
23 Weylet 19.5 1.6 0.0 1.6 2.6 0.0 2.6 2.0 0.0 2.0
24 Meqereche 74.3 5.9 0.0 5.9 9.9 0.0 9.9 7.6 0.0 7.6
25 Aytu 15.7 1.3 0.0 1.3 2.1 0.0 2.1 1.6 0.0 1.6
26 Worke 17.5 1.4 0.0 1.4 2.4 0.0 2.4 1.8 0.0 1.8
27 Merkehora 1351 36.0 14.0 50.0 48.2 14.3 62.5 44.5 12.9 57.5
28 Selekberi 2156 21.0 9.6 30.8 33.9 10.3 44.1 29.2 9.6 38.9
29 Hillslope 40 1.0 0.0 1.0 1.4 0.0 1.4 1.2 0.0 1.2
* River locations with their locations depicted in Fig. 1.
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OND (October– December) by a factor of 1.3 (Table 3). Next to the rainy season (summer), belg season (February and March) was
found a short spring rainy season. However, the rest months are dry months. Therefore, rainfall depth showed a strong seasonal
variation. One-way ANOVA shows that the average rainfall depths varied signiﬁcantly among 2015–2017 (p < 0.001), where 2015
had the lowest rainfall depth. Furthermore, the rainfall variability was particularly pronounced at the graben bottom compared to the
graben escarpments and highlands (Figs. 1 and 3). The northern part of the escarpment also had lower rainfall depth than the
southern end of the western escarpment.
Result from t-test shows that the average rainfall depths were diﬀerent between the escarpments and graben bottoms
(p < 0.001). A quantity almost twice as large as the rainfall received by the graben bottom was recorded in the graben escarpments.
This result was further conﬁrmed by a Pearson correlation test showing a positive correlation between the rainfall depth and altitude
(r= 0.62, p < 0.001). For example, the headwaters of the catchment 10, 13 and 22 (Fig. 1) have higher rainfall depths (Fig. 3). The
Ashenge graben has similar rainfall depths at the Raya graben escarpment.
3.2. River discharges in marginal grabens
3.2.1. Flood events and volumes
The average number of the annual ﬂood events at the river stations for 2016 (25.2 ± 4.2 events) amounted to nearly two times
the number of ﬂood events experienced in 2015 (12.3 ± 1.3 events). Although the ﬂood events were limited to August, the average
number of ﬂood events in 2017 was (23 ± 2.5 events) similar to the number of ﬂood events received in 2016. Moreover, the
duration of the ﬂood events ranged from 10min at the Anachu station to 37 h at the Golina station with an extrme ﬂood discharges of
732m³ s−1 (Fig. 4).
The large number of “zero ﬂood” days in 2015 resulted in low total ﬂood volumes. The ﬂood volume indicates the amount of
discharge generated in the speciﬁc time scale. Floods with high discharges reached the graben bottom outlets in 2016 and 2017.
The annual ﬂood volumes vary among the catchments in the study area (Table 3). Accordingly, the most signiﬁcant share of the
ﬂood volumes was delivered to the Raya graben bottom through the Golina (39.75 Mm3) and Gobu (34.71 Mm3) rivers in 2016. The
graben bottom lost 18.19 and 13.85 Mm3 through Selekberi and Merkehora. The annual ﬂood volumes from the Raya escarpment
recorded in 2015– 2017 were 139.63, 209.25 and 159.48Mm3, respectively (Table 3). As it is a closed graben system, however, the
Ashenge graben did not have surface runoﬀ outﬂows in the observed years (Table 4).
3.2.2. Baseﬂow
Many springs discharge to the streams as a baseﬂow to the graben bottoms. About half of the rivers had baseﬂows. Except for the
Table 4
Annual ﬂoods (Qf, Mm3), baseﬂow (Qb Mm3) and total river discharges (Qtot, Mm3) in Ashenge graben. Data in bold are based on the gauge
measurements.
No River catchment Area (km2) 2015 2016 2017
Qf Qb Qtot Qf Qb Qtot Qf Qb Qtot
1 Higumburda 6.94 0.87 1.07 1.95 1.50 3.84 5.34 1.24 3.58 4.81
2 Mewura 5.70 0.72 0 0.72 1.23 0 1.23 1.02 0 1.02
3 Telko 5.56 0.70 3.63 4.33 1.20 4.09 3.3 0.99 3.33 4.33
4 Adiwesen 7.34 0.92 1.96 2.89 1.59 2.57 4.16 1.31 2.09 3.40
5 Menkere 2.10 0.26 0 0.26 0.45 0 0.45 0.37 0 0.37
6 Hillslope 8.45 1.06 0 1.06 1.83 0 1.83 1.06 0 1.06
Fig. 3. Spatiotemporal comparison of the yearly rainfall (2015–2017) in the study area.
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Golina River with its greater river discharge and steeper river bed gradient, however, these river baseﬂow discharges decrease when
reaching the ﬂoodplain. They become inﬂuent streams as they quickly returned to “zero ﬂow” after the rainfall storms. In this study,
the inﬂuent streams refer to streams losing water to the ground, hence contributing water to the saturated zone. At the Golina station,
the maximum baseﬂow amounted to 9.4m3 s−1 in August 2016, whereas the lowest baseﬂow was 0.09m3 s−1 in May. The average
baseﬂow from the western escarpment was similar to the average baseﬂow leaving the Raya graben. Similarly, the western es-
carpments contributed to higher annual baseﬂows than those who left the Raya graben bottom via the Merkehora and Selekberi
outlets.
We found that the 5.04, 10.5 and 9 Mm3 baseﬂow volumes contributed in 2015, 2016 and 2017, respectively, to the Ashenge
graben bottom. The baseﬂows from the Ashenge escarpment inﬁltrate the thick sediment and re-emerge in the mouth of the lake. The
behaviour of the Ashenge river baseﬂow was similar to the Raya escarpment base ﬂow as they have a similar waterscape (Fig. 1).
3.2.3. River discharge
The spatiotemporal variabilities of the river discharges (ﬂoods and baseﬂows) mimic the rainfall depths in the marginal grabens.
The total annual river discharge of the Raya graben escarpment was higher in 2017 than in 2015 (Table 3). These volumes were the
input of the graben bottom. However, the graben bottom lost about 95 Mm3 runoﬀ discharge volume per year. Moreover, about 11
Mm3 of the river runoﬀ entered the Ashenge graben bottom per year. There is no surface outﬂow from the Ashenge graben. In both
grabens, a higher streamﬂow was found in 2016 than in 2015. The ﬂood volumes were higher than the baseﬂow during the period
2015–2017 (Fig. 5).
The regression equation reveals that the catchment size, maximum elevation of the headwaters and steep slopes positively
predicted the annual ﬂood volumes (p < 0.001, R2= 0.98). Moreover, another regression model indicates that the catchment area
(p < 0.001, R2= 0.61) and woody vegetation cover (p > 0.05, R2= 0.61) signiﬁcantly enhanced the yearly river baseﬂows at the
western escarpment. Furthermore, rehabilitated areas had higher baseﬂows than areas with less woody vegetation (p < 0.01). Thus,
Fig. 4. Storm hydrographs for ﬂash ﬂoods: A) Golina station (11/8/2017) and the peak discharge was 732 m³ s−1, B) Diqala station (8/8/2016), C)
Anachu station (6/8/2015) and D) Hara station (30/8/2015).
Fig. 5. The river discharges (Q, m3) in the Raya graben escarpment (2015–2017).
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the river discharge volumes showed a temporal variation, where severe shortages in the streamﬂow and surface water storage were
observed in 2015.
3.2.4. Runoﬀ depths and their coeﬃcients
The average of the annual runoﬀ depth, the amount of runoﬀ recorded in the year, over the three studied years at the Raya graben
escarpment (125mm) was larger than in the graben bottom (26mm). Similarly, the annual runoﬀ depth at the Ashenge graben
escarpment (291mm) was larger than in the Ashenge graben bottom (260mm). The Ashenge graben (276mm) had higher average
annual river runoﬀ depth compared to the Raya graben (76mm).
Similar to the annual runoﬀ depths, the runoﬀ coeﬃcient showed a spatial variation in the grabens (Fig. 6; Table 5). The annual
runoﬀ coeﬃcient increased from Hara (0.16) in the north to Golina (0.27) in the south. In the deep sediment deposits, the runoﬀ
coeﬃcient amounted to 0.12. Following the river’s longitudinal proﬁle, the annual runoﬀ coeﬃcients for the Mesanu station (2460m
a.s.l), Anachu station, Hara station and Selekberi station (1397m a.s.l) were 0.33, 0.21, 0.16 and 0.10, respectively (Table 5). In a
nutshell, the average annual runoﬀ coeﬃcient of the Raya escarpment was 0.22. Thus, rehabilitating of degraded bare areas induced
a runoﬀ coeﬃcient variation.
3.3. Actual evapotranspiration
Variabilities in the weather elements such as temperature, wind speed, relative humidity and sunshine hours accelerate the
evaporative powers of the atmosphere (Fig. 7). While the air temperature seldom exceeds 35 °C in June when the sun is overhead in
the graben bottom, the minimum air temperature decreases to 12.2 °C at the graben bottoms. Moreover, high wind speed and
sunshine hours induce a high atmospheric water demand in the graben bottom.
Fig. 8 and Table 6 depicts the comparisons of ETact and ETo (mm) in the Raya graben. The daily ETact of the escarpments in 2016
was 2.7 ± 2.24mm day−1, whereas the average daily ETact of the graben plains in 2016 was 2.09 ± 2.66mm day−1. As a response
to the rainfall depth variability, the monthly ETact values varied among the observation periods (Table 6). Besides, the ETact of the
graben escarpments was higher than the graben bottoms due to a better moisture availability. To conclude, the ETact was prone to
the altitudinal diﬀerence between the graben bottoms and escarpments in both grabens.
3.4. Graben water withdrawals
Withdrawal is the extraction of water from a surface reservoir or an aquifer in the grabens. Surface and groundwater resources in
Fig. 6. Comparison of the rainfall, runoﬀ depth and (runoﬀ) coeﬃcient (RC) between the graben escarpment (A) and the bottom (B).
Table 5
Runoﬀ depths and coeﬃcients (RC) of representative rivers during 2015–2017. H is hillslopes, RF is rainfall and Q is discharge.
Station number Gauged rivers Area (km2) Annual RF (mm) Annual Q (mm) RC Marginal graben Applied to catchment (s)
12 Hara 40 929 101 0.16 Raya inlet 1–13
13 Etu 37 926 192 0.21 Raya inlet 14–16
19 Diqala 70 518 139 0.27 Raya inlet 17–19
21 Golina 297 755 205 0.27 Raya inlet 20–24
27 Merkehora 632 683 88 0.13 Raya outlet H
28 Selekberi 1128 643 66 0.10 Raya outlet H
* Mesanu 7 902 295 0.33 Raya inlet 13
* Anachu 9 902 187 0.21 Raya inlet 13
1 Higumburda 7 900 273 0.30 Ashenge inlet 1–4
** Ashenge inlet 10 832 183 0.22 Ashenge inlet H
* Small catchment above the Hara station (12).
** sub-station below Higumburda (1). The RC of the graben outlets were used for the hillslopes near the graben bottom outlets.
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the grabens accommodate considerable human and livestock populations (Table 7). The average annual water withdrawals from the
Raya graben escarpment and graben bottom amounted to 16.67 and 30.32Mm3 per year, respectively. However, the average yearly
water withdrawals are insigniﬁcant in the Ashenge graben (Table 7).
3.5. Dovetailing the water budget components
Spatiotemporal variations of water balance components exist in the marginal grabens (Fig. 9; Table 8). The inﬂow and outﬂow
water ﬂuxes in the Raya graben escarpment led to an average annual water recharge of 103 Mm3 at a rate of inﬁltration (percolation)
of 0.16mm day−1. Besides, 258.91 Mm3 water volumes were recharged in the Raya graben bottom at a percolation rate of 0.41mm
day−1. In the entire system, 261, 452 and 370 Mm3 groundwater recharged in 2015– 2017, respectively (Table 8). On the other hand,
an average of 1.77 Mm3 water volume was recharged in the Ashenge graben escarpment at an inﬁltration rate of 0.13mm day-1
Fig. 7. Comparison of the minimum air temperature (Tmin), maximum air temperature (Tmax), sunshine hours (Sh), relative humidity (RH) and wind
speed (WS between the graben bottom (A) and the graben escarpment (B). The weather elements were based on the Mehoni, Chercher, Kobo,
Woldia, Maychew, Korem and Tekulesh stations (2015–2017).
Fig. 8. Average monthly rainfall, ETo and ETact in the Raya and Ashenge grabens.
Table 6
Spatiotemporal comparisons of ETact (mm) and ETo (mm) in the Raya marginal graben.
Temporal parameter Graben escarpments Graben bottoms
2015 2016 2017 2015 2016 2017
Average daily ETact 1.23 ± 0.92 2.7 ± 2.24 2.71 ± 1.34 1.0 ± 0.9 2.1 ± 2.6 2.35 ± 2.2
Average daily ETo 4.29 ± 0.76 4.2 ± 0.7 4.6 ± 0.63 4.89 ± 1.1 4.9 ± 1.3 4.81 ± 1
Maximum daily ETact 4.60 5.1 4.3 4.30 6.50 5.50
Maximum daily ETo 5.60 5.90 5.20 6.60 8.14 6.50
Average monthly ETact 60.2 ± 23.31 75 ± 32.7 68 ± 27.82 55 ± 23.8 65.9 ± 28.9 63 ± 21.72
Average monthly ETo 108 ± 18.91 104 ± 18 102 ± 17.3 123 ± 27.67 116.7 ± 22 118 ± 19.7
Maximum monthly ETact 102.60 135.20 117.20 94.50 130.60 106.60
Maximum monthly ETo 135.00 137.20 132.00 165.60 153.50 152.90
Total annual ETact 412 722 669 255 426 408
Total annual ETo 1298 1151 1225 1478 1308 1416
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(Table 9). In addition, the average annual recharge of the ﬂoodplain was 19.7 Mm3 at a percolation rate of 1.21mm day−1· In the
Ashenge closed graben, 8, 30 and 25 Mm3 water of volume recharged in 2015, 2016 and 2017, respectively. While the inﬁltration of
the Raya graben is 0.28mm day−1, the inﬁltration rate of the Ashenge graben is 0.73mm day−1. Generally, the water balance
Table 7
: Estimated graben inhabitants (inh., 106), tropical livestock units (TLU, 106) and annual water withdrawals (A, 106 m3) for households and
livestock.
Hydro logical Year Raya graben Ashenge graben
Graben escarpment Graben bottom Graben escarpment Graben bottom
Inh. TLU A Inh. TLU A Inh. TLU A Inh. TLU A
2015 0.13 1.64 16.19 0.37 2.89 29.69 0.03 0.08 1.07 0.01 0.02 0.23
2016 0.13 1.69 16.67 0.37 2.92 29.98 0.03 0.09 1.10 0.01 0.02 0.23
2017 0.14 1.74 17.17 0.39 3.04 31.28 0.04 0.09 1.14 0.01 0.02 0.24
Fig. 9. Comparison of the annual groundwater recharges in the Raya and Ashenge grabens.
Table 8
Annual water budget (Mm3) of the Raya graben catchment.
Water balance terms Escarpment Graben bottom Raya graben catchment
2015 2016 2017 2015 2016 2017 2015 2016 2017
Rainfall (+)1052.9 (+) 1679.9 (+) 1569.4 (+) 541.1 (+) 940.7 (+) 886.8 (+)1594 (+) 2620.61 2456.21
Flood runoﬀ inﬂow – – – (+)139.23 (+) 209.25 (+)204.48 – – –
Baseﬂow inﬂow – – – (+)59.34 (+) 61.77 (+) 59.1 – – –
Flood runoﬀ outﬂow (–) 139.23 (–) 209.25 (–) 204.4 (–) 57.14 (–) 82.05 (–) 73.76 (–) 57.14 (–) 82.05 (–) 73.76
Baseﬂow outﬂow (–) 59.34 (–) 61.77 (–) 59.1 (–) 23.60 (–) 24.58 (–) 22.57 (–)23.60 (–) 24.58 (–) 22.57
ETact (–) 756.46 (–)1270.71 (–)1183.7 (–) 445.23 (–) 743.79 (–) 712.37 (–)1182.4 (–) 2025.46 (–)1952.14
Water withdrawals (–) 16.18 (–) 16.67 (–) 17.17 (–) 29.69 (–) 29.98 (–) 21.28 (–) 45.87 (–) 46.65 (–) 48.45
Recharge (+) 81.91 (+)121.54 (+)104.88 (+)180.01 (+) 331.31 (+) 265.41 (+) 261.9 (+) 452.86 (+) 370.29
Table 9
Annual water budget (Mm3) of the Ashenge graben catchment.
Water balance terms Escarpment Graben bottom Ashenge graben catchment
2015 2016 2017 2015 2016 2017 2015 2016 2017
Rainfall (+) 26.6 (+) 37.63 (+) 33.18 (+) 15.71 (+) 43.42 (+) 36.93 (+) 42.31 (+) 81.05 (+) 70.11
Flood runoﬀ inﬂow – – – (+) 3.48 (+) 5.98 (+) 4.93 – – –
Baseﬂow inﬂow – – – (+) 5.3 (+) 6.41 (+) 5.67 – – –
Flood runoﬀ outﬂow (–) 3.48 (–) 5.98 (–) 4.93 – – – – – –
Baseﬂow outﬂow (–) 5.3 (–) 6.41 (–) 5.67 – – – – – –
ETact (–)15.24 (–) 22.00 (–)19.80 (–)17.43 (–) 27.16 (–) 23.48 (–) 32.66 (–) 49.15 (–) 43.27
Water withdrawals (–) 1.07 (–) 1.1 (–) 1.13 (–) 0.22 (–) 0.23 (–) 0.24 (–) 1.3 (–) 1.34 (–) 1.38
Recharge (+)1.51 (+) 2.14 (+) 1.65 (+) 6.84 (+) 28.42 (+) 23.81 (+) 8.35 (+) 30.56 (+) 25.46
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components varied between the studied grabens (Fig. 10; Tables 8 and 9).
4. Discussion
4.1. Rainfall is a dominant input to the graben water balance
Rainfall constitutes the major water resource of the fragile graben ecosystem. The study indicates that rainfall shows signiﬁcant
temporal variations (e.g., Fig. 6A and B). In particular, 2015 experienced a lower rainfall depth due to a most probably congruence
with El Niño (Philip et al., 2018). The rainfall depths in the graben bottoms were small, irregular and more variable than on the
escarpments in 2015. However, the rainfall volume (on the graben bottom) of 2016 was almost twice as much as in 2015.
There were substantial rainfall gradients between the Merkehora graben bottom outlet (1357m a.s.l) and the headwater of the
Golina inlet (4025m a.s.l), where the rainfall of the latter exceeds the former area. Annys et al. (2017) also reported that the rainfall
was higher towards the southern direction of the study area due to the latitude, elevation, local aspect slope and topographic eﬀects.
Most rain volumes (75%) inﬁltrated on the graben escarpments. The intense 2015 El Niño event increased the severity of the drought
in northern Ethiopia (Philip et al., 2018). Our ﬁndings are align well with the results of Asfaha et al. (2016); Demissie et al. (2017);
Jacob et al. (2013); Frankl et al. (2013) and Lanckriet et al. (2015a), who reported that the rainfall showed spatial variation in
northern Ethiopia. Overall, the entire grabens experienced a rainfall shortage in 2015, leading to meteorological and agricultural
droughts. These droughts, in turn, caused large harvest losses in the study area.
4.2. River discharges propagated in the marginal grabens
The atmospheric water supply (rainfall) controls the river discharges in the marginal grabens. The more considerable rainfall
depth in 2016 and 2017 resulted in more substantial variations of river discharges. Dramatic runoﬀ decreases brought a harmful
impact on the water supply (Fig. 11). As a response, graben communities diverted much of the summer ﬂoods for agricultural uses
(spate irrigation) (Fig. 11C). These ﬂood diversions led to several ﬂood events that did not reach the graben bottom outlets in 2015.
The diﬀerences in the ﬂash ﬂood runoﬀ showed a spatial variation in the grabens. Because of their steep slope and better rainfall
Fig. 10. Encapsulating the water balance terms (in 106m3) of the Ashenge and Raya grabens.
Fig. 11. A) Moisture-stressed sorghum in 2015, B) Irrigation using groundwater at the graben bottom in 2015 and C) ﬂood spreading to the sorghum
plot in 2016.
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depths, the runoﬀ depths of the grabens escarpments were higher than those from the graben bottoms (p < 0.01). The study reports
that annual runoﬀs of Golina River in 2015– 2017 were about 40.5, 62.7 and 51.9 Mm3, respectively. The annual recharge obtained
in this study is in the same order of magnitude with Abdu (2011), who reported that the runoﬀ of the Golina perennial river is about
61 Mm3 year−1.
In this study, we found that the vast catchments and elevated headwaters of the ﬁrst order streams (e.g., Golina catchment)
produced large ﬂoods. The ﬂash ﬂoods (Fig. 4) are obvious observations for the short and long intense ﬂoods in the semi-arid
environments (Vanmaercke et al., 2010). Comparatively, the graben bottom experienced an inadequate surface water resources than
the escarpments. Thus, the dynamic behaviour of river discharges severely aﬀected the blue and green waters availability in the low-
lying areas of the studied grabens. The blue water is the water in rivers, lakes, wetland and shallow aquifers, while green water is
rainfall water stored in an unsaturated soil and later used for evapotranspiration (Zang et al., 2012).
According to our analysis, the forest cover decreases from north to south on the western escarpment. The area without vegetation
(e.g., baren land and farmland) of the Burqua catchment at the north-end of the Raya escarpment was 35% in 2017. Conversely, the
bare land and farmland of the Legeharo catchment at the south-end of the Raya graben escarpment was 64% in 2017 (Fig. 1).
The diﬀerence in land cover within the same graben escarpment could lead to a variation of the runoﬀ coeﬃcient between 32%
(Legeharo) and 18% (Burqa). In northern Ethiopia, degraded landscapes have been enclosed (Nyssen et al., 2015). After closure of the
area, integrated soil and water conservation activities (e.g., reforestation, soil bunds and stone bunds) were being practiced (Asfaha
et al., 2016). With the passage of time, these degraded areas were turned to greener area (Nyssen et al., 2010). These areas we called
them “rehabilitated catchments. In agreement with Guzha et al. (2018) and Nyssen et al. (2015), this study shows that the re-
habilitated catchments (e.g., Hara catchment) increased the oN–Site river baseﬂow to the graben bottom.
In contrast, the runoﬀ coeﬃcient for the Hara (RC=0.15) and Etu stations (RC=0.17) was higher than in the Golina
(RC=0.09) and Diqala stations (RC=0.08). Nyssen et al. (2010) also reported that the catchment management has resulted in a
higher inﬁltration rate and a reduction of direct runoﬀ volume by 81% which has had a positive inﬂuence on the water balance. Here
“catchment management” refers to a sound planning soil and water resources in the grabens for sustainable use. It is balancing the
use and conservation of natural resources on a the studied grabens.
This study indicates that rehabilitated areas retain the streamﬂow during the rainy season, and later water supply in the dry
season. In line with Meaza et al. (2016), rehabilitated areas had higher baseﬂows and springs than areas with less woody vegetation.
Equally, other studies reveal that the aﬀorestation increased baseﬂow elsewhere (Ahiablame et al., 2017; Asfaha et al., 2015;
Demissie et al., 2015; Dessie et al., 2014).
On an annual basis, Guyassa (2017) also reported that the exclosures on steep slopes (up to 20%) absorbed 778mm water depth,
in addition to the rainfall that is partially transported to the downstream area a baseﬂows. This result indicates that the im-
plementation of soil and water conservation measures, at Gira kahsu for example, reduces the summer runoﬀ. The improvement in
woody vegetation cover at the western escarpments resulted in a more stable water ﬂow and a major water recharge during the wet
season. Integrated rehabilitation interventions such as tree planting and terraces at the upper catchments can lead to an enhancement
of the ecosystem services due to the increased baseﬂows and lateral ﬂows (Garcia et al., 2018).
4.3. Actual evapotranspiration and human activities removed the inﬂow in the grabens
Allen et al. (1998) noted that the meteorological forcing elements (Fig. 7) control the water availability of a catchment. In
particular, ETact reaches its maximum during the wet season due to the high soil moisture and warmer air temperature despite the
solar radiation exposure (Fig. 8). Hence, the study indicates that 80% of the annual rainfall of the Raya graben bottom returned to the
atmosphere. Similarly, 82% of the rainfall left the Ashenge graben bottom due to the high atmospheric water demand. On a graben
level, 76% and 77.5% of the annual rainfall has left through the ETact in the Raya and Ashenge grabens, respectively. This argument
indicates that a massive water volume was lost via ETact in the rainy season. Our result conﬁrms the ﬁndings of Zaninović and Gajić-
Čapka (2000), who reported that the atmospheric water demand in the lowlands reached up to 85% of the rainfall. The abrupt
changes in ETact were a response to the rainfall, surface temperature, wind speed, soil antecedent moisture, crop types and crop
growth stage variations.
Despite the substantial diﬀerence in the rainfall depth between the escarpment and graben bottom, there was a small change in
the ETact values between the graben bottoms and graben escarpments due to irrigation. Thus, the ETact shares the most signiﬁcant
output term in the water balance equation. Similarly, Zhang et al. (2018) concluded that ETact is a critical land surface ﬂux that drives
the water budget imbalance in the North China Plain.
Human activities aﬀected the hydrological processes in the marginal grabens. For example, spate systems allow the ﬂash ﬂoods to
turn into productive (water for) irrigation (Fig. 11C). Moreover, inhabitants and livestock consumed water in the dry season. Si-
milarly, Oliveira et al. (2015) indicated that the water ﬂuxes were disturbed by the degree of the human–water interactions in the
Brazilian cerrado. Water abstraction by the ETact, household and livestock demands negatively aﬀected the water availability in the
study areas (Fig. 11B). As alluded above, water depletion in the graben bottom resulted in a subtle hydrological drought in the
marginal grabens. Following the guidelines for a sustainable land management (Gurtner et al., 2011), windbreaks, hedges, living
barriers and a good soil cover could contribute to minimize the excessive water losses from the irrigated farms.
4.4. Comparing the spatiotemporal groundwater recharges in the marginal grabens
In agreement with Kahsay et al. (2018), the water recharges varied between the escarpments and graben bottom basins. The
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recharge rates that pass through the vadose zone of the Raya escarpment and its adjoining graben bottom were 0.16mm day−1 and
0.41mm day−1, respectively, which is in line with the ranges of Domenico and Schwartz (1998). With this recharge rate, the average
annual recharge (2015–2017) of the Raya and Ashenge grabens were 103 and 267mm, respectively (Fig. 9). However, other study
with limited ﬁeld measurements showed that the long mean annual recharge in the basin was 55mm (Kahsay et al., 2018). Overall,
the annual rate of recharge was about 258.9 Mm3 in Raya graben bottom including Raya-Kobo area. With this annual recharge, the
groundwater resource potential of Raya graben bottom may about 9791 Mm3 (Nadew et al., 2018).
In response to the rainfall, the lowest annual groundwater recharge in the Raya graben was recorded in 2015, whereas a sig-
niﬁcant volume was noticed in 2016. The average annual groundwater recharge of the Raya graben escarpment and its low-lying area
shared 7% and 25% of the inﬂow to the graben, respectively. Moreover, the average percolation rate of the Ashenge graben es-
carpment (0.13 mm day−1) was lower than its graben bottom (1.21mm day−1). As a result, the annual recharge of the Ashenge
escarpment and its ﬂoodplain amounted to 5% and 35% of the inﬂow, respectively.
About 16% of the annual inﬂow to the Raya graben was recharged while 30% of inﬂow to the Ashenge terminal graben inﬁltrated
during the observed climatic years. The water balance closure problem is critical in the scientiﬁc hydrology (Sokolov and Chapman,
1974). It is crucial to note that the computations of water balance components may involve errors (Beven, 2006). Therefore, the
change of storage values may include errors due to the imperfections of the water balance elements.
The groundwater recharge of the Raya graben escarpment is in line with the study which was carried out by Abera et al. (2017) in
the Upper Blue Nile basin, located west of the study grabens. The study highlights that the graben bottoms possessing thick alluvial
deposits show a higher water storage capacity in the aquifers than the graben escarpments. Lanckriet et al. (2015b) also inferred that
the water level in the Ashenge Lake has raised in the past 15 years due to the conservation eﬀorts in the last decade.
Deep percolations and seepages from each graben bottom to the subsequent lower basin are represented (Fig. 10). The studies by
Ayenew et al. (2013) and Kebede et al. (2008) show that the Ashenge graben feeds the Raya graben as a response to the hydraulic
properties of the tectonic structures. The deep-cut fault could allow a deep drainage from the Raya to the Dallol graben further
downstream (Fig. 2). Thus, deep faulting and fracturing may permit inter-basin water transfers in the Danakil depression similar to
the deep faults in the Roer graben of Germany that enhance a deep groundwater ﬂow (Bense et al., 2003).
Erratic rainfall occurrence disturbs the oN–Site water storage. In this study, we observed that the moisture deﬁcit (ETo–ETact)
increases while the excess of the soil water holding capacity (R–ETact) declines for almost ten months. This result reveals that the
climatic variability contributes to interannual variability of water balance terms (Carmona et al., 2014). Jillo et al. (2017) reported
that the climate variability induced a variability in the seasonal water balance. Moreover, human activities that are linked to a high
water demand provoked water storage propagations (Deng and Chen, 2017).
According to FAO (2011), the world experienced an increasing imbalance between the demand and availability for water re-
sources. The intensifying agriculture and ETact aﬀected the water storage in the grabens in particular. Coupled with the rainfall
variability, the rapid rates of agricultural development could increase the grabens’ water stress. As a response, appropriate basin
management practices are needed in order to counter excessive and unproductive water loss via river outﬂows and evapo-
transpiration. Percolation ponds, harvesting water and ﬂoodwater spreading could especially enhance the availability of river
baseﬂows during the dry seasons. Building shallow wells and micro-dams at the graben bottom outlets could raise the water table.
The water harvesting structures on the upstream–downstream and social–ecological systems are intensifying worldwide
(Andersson et al., 2011). This study indicates that the upstream water management intervention could reduce or improve the water
availability for the downstream areas during the climatic year. For example, the large-scale intensiﬁcation of water harvesting in the
Tana graben improves the water storage for downstream areas (Dile et al., 2016). Therefore, an integrated land rehabilitation on the
escarpments enhances the river baseﬂow in the low-lying area.
In line with Roobavannan et al. (2017), the oN–Site water use eﬃciency through the reduction of water loss from the unwanted
drainage and seepage could improve the water storage both in soil and groundwater. Optimizing irrigation water levels (e.g., deﬁcit
irrigation practice saves irrigation water) also improves water production in graben agricultural areas (Ayenew et al., 2013).
The water use eﬃciency is crucial as commercial land investors and farmers will engage in irrigated agriculture in the graben
bottoms. With an increasing agricultural investment in such geographical conﬁned areas, the sector is expected to be a water
competitor in the near future. Preparing for the future decision makers and farmers could therefore beneﬁt from this study to
optimize the oN–Site water storage in the conﬁned grabens.
5. Conclusions
The objective of this study was to investigate the water balance components of the potential agricultural grabens along the Rift
Valley in northern Ethiopia. In the grabens, 2015 was a very dry year compared to 2016 and 2017. The average annual rainfall on the
escarpments was nearly twice the rainfall amount in the graben bottom. The rainfall variation governed the ﬂash ﬂoods, baseﬂows
and the actual evapotranspiration in the study area. Our results indicate that the ﬂood runoﬀ coeﬃcient signiﬁcantly varied between
the vegetated catchments and the deforested slopes. Moreover, nearly half of the runoﬀ discharges reaching the Raya graben bottom
ﬂushed through towards the outlet. The study also indicates that evapotranspiration represents more than half of the annual rainfall
of the graben bottom. In the studied grabens, the graben bottoms with thick alluvial deposits stored more water in the graben aquifers
than the graben escarpments. In conclusion, there is a good rate of groundwater recharge in the basalt marginal graben bottoms.
However, the recharge along the graben escarpment could be improved through integrated watershed management practices. With
good land and water management practices, there is a strong prospect of developing water resources for sustainable agricultural
development in the grabens. As there are ambitious irrigation development plans, this study will contribute to sustaining livelihood
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and ecosystems in the grabens along the Rift Valley System.
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